Abstract-In this letter, an ultra-wideband (UWB) bandpasss filter with multiple notch bands is presented. The UWB bandpass characteristic is achieved using a modified distributed highpass filter ( 
I. INTRODUCTION

U
LTRA wideband (3.1-10.6 GHz) radio technology has found application in medical imaging systems, pulse communication and ground penetration radar. One of the key components in the ultrawideband (UWB) communication system is the band pass filter (BPF) [1] , [2] . In recent years various UWB band pass filters are reported based on numerous design techniques [3] - [13] . Multiple-mode resonator (MMR) [3] , [4] has been widely used to achieve ultra wide pass band characteristics. MMR-based technique has the main disadvantage of narrow upper stop band performance due to higher order harmonics which arises just after the first pass band. To improve the upper stop band performance, some modified MMR based UWB BPF [5] , [6] , electromagnetic bandgap (EBG) based UWB filters in [7] and EBG embedded with MMR based BPF in [8] have been reported. Most of the UWB BPF designs basically cover the entire UWB range but do not address the techniques to mitigate interference with other wireless systems within the band. In order to avoid the undesired WLAN signal UWB BPF with notch band using different structures is reported in [9] - [14] . To implement notch, parasitic coupled line loaded with MMR is reported in [11] . Combining a distributed highpass filter (HPF) and an elliptical lowpass filter, a novel UWB band pass filter is presented in [13] where a notch band is created by embedding stepped impedance resonator (SIR) coupled to highpass section. Apart from preventing interference from WLAN systems it is highly desirable to mitigate 8.0 GHz satellite communication signal. UWB BPF with dual notch bands is presented by using asymmetric coupling strip to create notch at 4.3 GHz and 8.0 GHz [14] .
In this letter, a novel UWB bandpass filter (BPF) is proposed using a modified distributed HPF. Wide upper stop band is achieved by realizing defected SIR (DSIR) on the ground. For dual notch band implementation, embedded open circuited stubs in the form of defected microstrip structure are used. The proposed UWB filter is realized using substrate of dielectric constant 2.2 and substrate height 0.787 mm. The rest of the letter contains the filter design procedure in Section II followed by results and discussion in Section III.
II. FILTER DESIGN
The layout of the proposed UWB band pass filter is shown in Fig. 1 . A second order distributed HPF is designed with cutoff frequency 3 GHz. To increase the selectivity of the HPF, two additional short circuited stubs are realized symmetrically on the top. To stop the propagation of higher order modes generated by distributed HPF, a lowpass filter is implemented by defected SIR with cutoff frequency 11 GHz. Furthermore two notch bands are inserted by open stub to stop WLAN and satellite signal interference. In rest of this section, detailed design process of each individual sections of the filter is described.
1531-1309/$31.00 © 2012 IEEE The general circuit model of the distributed HPF is shown in Fig. 2(a) . It consists of short circuited stubs of electrical length which are separated by connecting lines of length . The filter is designed with two short circuited stubs and one connecting line to make the structure more compact. The electrical length of the short circuited stubs and the connecting line are 36 and 72 , respectively, at the cutoff frequency of 3.0 GHz. The calculated impedance parameters of the short circuited stub and connecting line are , and . To increase the selectivity of the second order distributed HPF, two additional short circuited stubs are connected symmetrically along the main line as shown in Fig. 2(b) . The impedance and the electrical length of all the four short circuited stubs are similar. The structure is made more compact by bending the short circuited stubs. Fig. 3 shows the comparison in frequency response of both the filter where modified HPF poses high selectivity. The abovementioned modified distributed HPF have the primary pass band 3.1 to 10.8 GHz with some higher order harmonics which degrades the upper stop band performance.
To suppress the harmonic passband, a lowpass filter with cutoff frequency 11 GHz is designed using DSIR realized on the ground plane which has inverse impedance characteristic as the SIR. For the DSIR denoted by resonator 1, as shown in Fig. 1 , the corresponding microstrip SIR has an impedance ratio 0.61 which is the ratio between low impedance to high impedance section . The electrical characteristics get reversed for DSIR where the narrow slot resembles lower impedance and wider slot high impedance. So the impedance ratio for defected SIR, . The electrical length and are taken equal to for simplicity. So at fundamental resonance condition , which is 37.8 . Similarly for Resonator2 and for Resonator3, the value of and are 1.71, 1.84, and 37.3 , 36.4 , respectively. The fundamental frequencies of resonance of three DSIRs are 16, 21, and 26 GHz respectively. Each DSIR realized on ground plane is responsible to generate a stopband characteristic in its resonating frequency. Therefore, merging the three frequencies of the DSIRs will generate a wide upper stopband characteristic. Fig. 4 shows that together the periodic SIRs will give a lowpass behavior which is responsible to obtain a wide upper stop band characteristic. Finally, the DSIRs are realized under the modified HPF in order to suppress higher order mode. The developed filter is analyzed using fullwave electromagnetic (em) field solver CST microwave studio™ and resonance characteristics is shown in Fig. 5 . 
, and . To generate notch bands in the UWB pass band, two embedded open circuited stubs are realized in the microstrip line. The stubs are long at the 5.75 and 8.05 GHz frequencies to stop the interference with unwanted WLAN and satellite signals respectively. The stand alone resonance characteristics obtained from fullwave em simulation response of the embedded open circuited stubs is plotted in Fig. 6 . It is observed that a high degree of attenuation is achieved at the desired frequency.
The equivalent circuit of the proposed UWB band notch filter is shown in Fig. 7 where the modified highpass section is connected to the lowpass section and the embedded open circuited stubs are replaced by parallel resonating circuit connected in parallel. The periodic DSIRs are represented by parallel resonating circuit.
III. RESULTS AND DISCUSSION
The proposed filter is realized on a TACONIC substrate of dielectric constant 2.2 and height 0.787 mm. The fabricated prototype is shown in Fig. 8 . The overall size of the filter is 22 10 . The frequency response obtained from fullwave em simulation, equivalent circuit model and measurement of the UWB BPF is shown in Fig. 9 . Good agreement is observed between them. The prototype has a wide passband from 3.15 to 10.62 GHz with insertion loss less than 2.0 dB. Measured parameter throughout the band is better than 15 dB. The attenuation is greater than 20 dB at the center of each band pertaining to 5.75 and 8.05 GHz. The fractional bandwidth (FBW) of the notch bands is about 0.36% at 5.75 GHZ and 0.5% at 8.05 GHz, respectively. The proposed filter also shows a wide upper stop band extending up to 25 GHz with attenuation more than 20 dB.
IV. CONCLUSION
In this letter, a compact UWB Band pass filter is presented by incorporating distributed HPF and a lowpass section realized using a series of defected SIRs. The dual notch band property is achieved by introducing two embedded open circuited stubs at 5.75 and 8.05 GHz. The measured response agrees well with fullwave em simulation and also with the developed equivalent circuit model. Due to its compact size ( 22 10 ) and satisfactory in band and out of band performance, the filter can be useful for modern UWB communication technology.
